Effects from various initial molar ratios of aniline (AN), ammonium peroxydisulfate (APS) and HCl ( [AN]: [APS]: [HCl]) on the polymerization of AN were investigated. First, a scheme derived from a molecular point of view was proposed to distinguish formation mechanisms based on their initial conditions. Thereafter, by choosing a relatively low ratio of Keywords: aniline; formation mechanism; phenazine-like oligomers; polyaniline INTRODUCTION Polyaniline (PANI) is one of the most important conducting and semi-conducting polymers widely used in organic optoelectronic devices and has attracted considerable attention recently because of its tunable electrical conductivity, easy preparation from common chemicals and excellent thermal and environmental stabilities. 1,2 The electrical properties of PANI are sensitively dependent on its oxidation and protonation states, of which the emeraldine state (see Figure 1 ) with a wide range of electrical conductivity can be achieved by simple doping/dedoping chemistry based on acidic/basic reactions. 1-3 The conventional chemical oxidative polymerization of aniline (AN) is carried out in a strong acidic solution and initiated by adding an oxidant (such as ammonium peroxydisulfate, APS). 3 From a technical point of view, the above-mentioned preparation for PANI is a simple process, but the formation mechanism involves an intricate interplay of consecutive chemical and physical reactions. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] To account for the formation of PANI, the following basic mechanisms were reported. The redox reaction of neutral ANs with APS produces AN radicals. 4 Under a neutral or alkaline condition, the mixed ortho-para coupling of AN radicals together with oxidative intramolecular cyclization forms AN oligomers with phenazine-like structures at the initial stage (see Figures 2a and b for phenazine and phenazine-like trimer). 9-13 The oxidation of AN and AN oligomers with APS both release protons, and the pH of the solution falls. [12] [13] [14] [15] [16] [17] [18] [19] [20] In a strong acidic environment, the formation of a para-coupled structure
INTRODUCTION
Polyaniline (PANI) is one of the most important conducting and semi-conducting polymers widely used in organic optoelectronic devices and has attracted considerable attention recently because of its tunable electrical conductivity, easy preparation from common chemicals and excellent thermal and environmental stabilities. 1, 2 The electrical properties of PANI are sensitively dependent on its oxidation and protonation states, of which the emeraldine state (see Figure 1 ) with a wide range of electrical conductivity can be achieved by simple doping/dedoping chemistry based on acidic/basic reactions. [1] [2] [3] The conventional chemical oxidative polymerization of aniline (AN) is carried out in a strong acidic solution and initiated by adding an oxidant (such as ammonium peroxydisulfate, APS). 3 From a technical point of view, the above-mentioned preparation for PANI is a simple process, but the formation mechanism involves an intricate interplay of consecutive chemical and physical reactions. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] To account for the formation of PANI, the following basic mechanisms were reported. The redox reaction of neutral ANs with APS produces AN radicals. 4 Under a neutral or alkaline condition, the mixed ortho-para coupling of AN radicals together with oxidative intramolecular cyclization forms AN oligomers with phenazine-like structures at the initial stage (see Figures 2a and b for phenazine and phenazine-like trimer). [9] [10] [11] [12] [13] The oxidation of AN and AN oligomers with APS both release protons, and the pH of the solution falls. [12] [13] [14] [15] [16] [17] [18] [19] [20] In a strong acidic environment, the formation of a para-coupled structure is then favored. 4, 9 The subsequent polymerization processes result in emeraldine salt (ES) PANI. By dedoping, emeraldine base (EB) PANI is obtained. See Figure 1 for EB PANI, and for ES PANI with separated polarons and bipolarons. 10 In this model, the acidic environment has a decisive role in the formation of the obtained nanostructures. Hence, various self-assembled PANI nanostructures were reported by changing the concentration of acidic solution, the concentration ratio of AN to oxidant and reaction time during the fabrication processes. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] In general, there are three experimental approaches to study the effects from the acidic environment. [5] [6] [7] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] For the first approach, using automatic titration to control a constant pH, effects of pH on the morphological evolution of PANI nanostructures were discussed. 21 For the second approach, by adopting [APS]/[AN]¼1 or 1.25 in weak acidic or alkaline mediums (that is, starting with high pH), the properties of products obtained at various moments during the strong pH falling were investigated. [5] [6] [7] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] For the third approach, by choosing [APS]/[AN]¼0.25-1. 25 , effects of terminal pH on the final products were analyzed. 20 Usually, polymerization of AN is carried out by choosing a fixed initial ratio of AN, oxidant and acid, and hence a detailed study of the effects from various initial conditions on the properties of the final products is also very important. In this study, at first, following the third approach as mentioned above on the polymerization of AN were investigated. A scheme derived from a molecular point of view was then proposed to distinguish the formation mechanisms based on their initial conditions. Thus, three cases were categorized. Finally, the properties of the as-prepared (doped) and dedoped samples obtained from these three cases were characterized and discussed with respect to various initial conditions.
EXPERIMENTAL PROCEDURE Materials
Aniline (98%, Fluka, Buchs, Switzerland) was distilled under reduced pressure and stored in a refrigerator before use. APS (98%, Fluka) was used to initiate polymerization, and HCl (37%, Sigma-Aldrich, St Louis, MO, USA) was used as the doping agent.
Synthesis
Synthesis of the samples was achieved by changing [APS] (¼0.061-0.25 M), [HCl] (¼0-2.0 M) and [AN] (¼0.13 and 0.27 M) in an aqueous solution. The typical synthesis process was as follows. At first, the proper quantities of AN and APS were dissolved in 300 and 100 ml of HCl solutions (or water), respectively, with the desired concentration at 0-5 1C. After mixing the above two solutions, the reaction was proceeded for a reaction time t¼3.0-16 h in an ice bath. The precipitate was collected and dried under vacuum at 50 1C for 8.0 h, and then the doped sample was acquired. The dedoped sample was obtained by immersing the doped sample in a 1.2 M NH 4 OH solution for at least 40 h, and following by the similar filtering and drying processes as mentioned above.
Characterization
Fourier transform infrared (FTIR) spectrum was measured on pellets made with KBr at 64 scans per spectrum at 1 cm À1 resolution by using a Jasco FTIR-4200 spectrometer (Jasco, Tokyo, Japan) and corrected for the presence of carbon dioxide and water vapor in the optical path. For ultraviolet-visible (UV-Vis) spectroscopy, the samples were dissolved in NMP (N-methyl pyrrolidone) and the spectrum was measured using a Shimadzu UV-2550 spectrophotometer (Shimadzu, Tokyo, Japan). As ES PANI is only slightly soluble in NMP, after an additional ultrasonic treatment for doped sample only, the solution was then taken for the measurement. The molecular weight of the dedoped sample was determined by a gel-permeation chromatography (GPC) system operating with NMP and calibrated with polystyrene standards at 35 1C. The GPC system is equipped with a Waters 1515 high-performance liquid chromatography solvent pump and a Waters 2414 refractive index detector (Waters, Milford, MA, USA). The molecular weight of the AN oligomer dissolved in methanol was performed with time-of-flight mass spectroscopy (TOF-MS) using the micrOTOF (Bruker Daltonik, Bremen, Germany). Elemental analysis of the powder sample was determined using Heraeus and Vario EL-III (Elemntar, Hanau, Germany) C, H, N and S atoms (CHNS) analyzers. The morphology of the powder sample was investigated by using Joel JSM-6335F scanning electron microscopy (SEM) (Joel, Akishima, Japan). X-ray diffraction (XRD) measurement on the powder was carried out on a Panalytical X'Pert Pro (PW 3040/60) (Panalytical, Almelo, Holland) with Cu-Ka emission. For electrical characterization, the sample was pelletized using a vacuum press at 6000 psi for 5 min, and then sandwiched by two circular Au films. The electrical conductivity of the sample s in vacuum at room temperature was obtained from the linear I-V curve measured by using a Keithley 617 electrometer (Keithley, Solon, OH, USA) (for sample resistance R41 kO) or a Keithley 2400 electrometer (for Ro1 kO with four-point method).
RESULTS AND DISCUSSION
The pH-falling and temperature-variation profiles adopted at first. The pH values of the solution and the temperature at the bottom of the beaker were measured instantaneously. As shown in Figure 3 , the redox reaction was started immediately as AN 46 , there are two reaction phases as represented by the green symbols. In the initial redox phase, the pH falls dramatically because of the strong oxidation of AN with APS (because of the richness of APS). As the pH reaches around 3.0-3.5, a second reaction associated with polymerization is triggered. 11, 14, 18, 20 As depicted in Figure 3 , the starting and ending of polymerization are determined practically at the inflection point (as indicated by a dotted line) and at the turning point to a steady state (by a double arrow line) from each pH profile. Accordingly, the temperature profile increases at the start and reaches a local maximum value at the end of polymerization. Figure 4a . In such an acidic condition, the neutral ANs are almost protonated into anilinium cations, 20 as also illustrated in Figure 5 . Hence, the redox process of neutral ANs with APS is not triggered immediately, 11, 14, 20 and an induction period around 4-8 min is observed before polymerization occurs (as shown in Figure 4c For case (A), the main features of doped and dedoped samples are rather similar. The peak at 864 cm À1 is assigned to the 1,2,4-substituted ortho-coupled ring structures. 12, 17, 21 The four peaks at 1623, 1445, 1414 and 1209 cm À1 are associated with ortho-coupling and branched phenazine-like structures. 10, 12, 14, 18, 21 The peaks at 757, 740 and 696 cm À1 are related to the monosubstituted aromatic rings, which is associated with AN oligomers. 12, [17] [18] [19] As shown in Figure 6 , the intensity of these eight peaks decreases slightly as [HCl] increases from 0 to 0.10 M. This phenomenon can be explained by the reduction in the availability of neutral ANs because of the increase of [HCl] and hence a decrease of the redox reaction. Thus, the signals associated with ortho-coupled phenazine-like structure and AN oligomers decrease.
For case (C), the main features of doped samples are associated with ES PANI, whereas the dedoped samples are related to EB PANI. 27 The peaks at 797 and 502 cm À1 are related to the out-of-plane vibration in the 1,4-disubstituted benzene ring, that is, the para-coupling structure. 19 The vibration at 797 cm À1 of ES PANI is shifted to 826 cm À1 of EB PANI. 27 For doped samples, the peak at 1240 cm À1 is associated with the 'C-N + ' stretching vibration in a polaron structure, 28 whereas the origins of the strong broad band around 1100-1150 cm À1 are complicated. This broad band can be decomposed into the following major peaks: the peak at 1144 cm À1 is related to the 'ÀNH + ¼' vibration 12, 17, 21, 28 or the asymmetric stretching vibration of the sulfonate group, 12 the peak at 1108 cm À1 is ascribed to the sulfateion stretching vibration 12 and the peak at 1040 cm À1 is associated with S¼O vibration. 12, 14, 25 The source of S atoms comes from APS adopted. After dedoping, these signals related to dopants are significantly reduced.
For samples obtained from case (B), as shown in Figure 4 , because the reaction time t¼3 h has included a short period of polymerization, the FTIR spectrum consists of both features from case (A) and case (C), that is, para-coupled branches growing from the phenazine-like structures. Furthermore, for cases in the inset of Figure 4c , the corresponding FTIR spectra (although not shown here) are observed to transform from case (B) to case (C), which confirms the applicability of the scheme proposed in Figure 5 .
In addition, there are two peaks at 1584 and 1511 cm À1 ascribed to the C¼C stretching vibration of quinoid and benzenoid rings, 10, 18, 19, 21 respectively, which require further discussion. For the doped samples obtained in cases (A) and (B), as [HCl] increases, these two peaks exhibit a slightly red shift due to the dopant effect. For case (C), these two peaks shift to 1552 and 1469 cm À1 , respectively, due to the transformation from AN oligomer to ES PANI. 18, 21 For dedoped samples, the dopant effect is removed. Hence, the peak position at 1584 cm À1 is fixed from case (A) to case (C) because the quinoid rings are widely separated (see Figures 1 and 2) , whereas its peak intensity increases from a phenazine-like structure (in which the number of quinoid rings is limited) to EB PANI. Again, the shift of peak at 1511-1494 cm À1 is due to the transformation from AN oligomer to EB PANI. 
UV-Vis results
The UV-Vis spectra of doped and dedoped samples obtained with various [HCl] are shown in Figure 8 . For case (A), the two strong peaks at 277 and 371 nm observed in both doped and dedoped samples are related to the p-p* transitions in substituted quinone. 16, 18, 30 The peak at 371 nm may also be contributed by phenazine. 31 Hence, from the UV-Vis and FTIR results, case (A) samples should be composed of the phenazine-like AN oligomers with some substituted quinones. 14, 16, 18, 30 For case (B), the shape of the spectrum is similar to that obtained from case (A), except that a shifted band at 361 nm (from 371 nm) and a weak broad band B614 nm are observed, which are caused by the para-coupled branches growing from the phenazine-like structures. 20, 32 In addition, the color of the test solution is changed from brown for case (A) to olive for case (B). For case (C), the main features of doped and dedoped samples are associated with ES PANI (with green color for the test solution) and EB PANI (with blue color), respectively. 15, [21] [22] [23] [32] [33] [34] [35] The two bands at 382 and 473 nm observed in the ES PANI samples are attributed to the p-p* transition and to the polaron-p* transition, respectively. 15, [21] [22] [23] 34 The two bands at 325 and 631 nm observed in the EB PANI samples are related to the p-p* transition in benzenoid rings and to the charge-transfer-exciton transition formed in a benzenoid ring with its adjacent quinonoid ring, respectively. 35 
GPC and TOF-MS results
From our early experimental results, an existence of AN oligomers was observed to distort GPC analyses. Thus, these AN oligomers were removed by using methanol as a solvent. For case (C), the methanol solution with dissolved AN oligomers exhibits a blue color, which suggests that they are composed of short para-coupled chains. 11, 36 The un-dissolved PANI mass is B90 wt% of its original mass. For case (A), the dark brown color in the solution shows that the dissolved materials are dominant by the phenazine-like oligomers 11, 20 and the un-dissolved mass is B40 wt%. This un-dissolved mass should be the aggregates of phenazine-like oligomers based on the above-mentioned FTIR and UV-Vis analyses. The molecular weights (M w ) of these AN oligomers (that is, the dissolved materials) obtained from cases (A) and (B) as determined from TOF-MS are rather similar and range from 50 to 850, as illustrated in the inset of Figure 9 . The possible structures for the three peaks with M w indicated in the inset are shown in Figures 2c-e. 10, 13, 14, 18 After removing these AN oligomers, the typical GPC curve for case (C) samples exhibits two peaks. The dominant peak has a weight average M w related to the single chains of PANI and the other weak one has a higher M w attributed to the aggregation of EB PANI. 37 As shown in Figure 9 , the values of the dominant peak of M w for all PANI samples obtained from case (C) are ranged around 12 000-22 000 with polydispersity values of around 4-6. This result is slightly smaller than that reported in previous studies (M w ¼30 000-70 000) 12, 14 because of the relatively low [APS]/[AN] adopted in this study.
Elemental analysis results
From elemental analysis, the compositions of CHNS for doped and dedoped samples are listed in Table 1 H 8 N 2 ) . 3, 10, 38 On the other hand, the C:H atomic ratios are slightly larger than the theoretical ratios. For dedoped samples, the excess H atoms may come from the adsorption of H 2 O molecules, 39, 40 whereas for doped samples, the source of additional H atoms may be due to the adsorption of HCl or H 2 SO 4 molecules (see Figure 1) . It must be noted that H 2 SO 4 is a byproduct of the redox reaction of AN with APS. 10, 12, 14 In addition, the small amount of S observed in the doped samples is significantly reduced after dedoping. This fact suggests that these easily removed S atoms originate from the adsorbed H 2 SO 4 molecules. However, in dedoped samples produced from case (A), a trace of S is still detected. These residual S atoms come from a covalent bond formed during the reaction. 12 From the subtotal weight percentage of CHNS as listed in Table 1 , the origins from two other Cl and O atoms are discussed as follows. For all dedoped samples, the values of the subtotal weight percentage of CHNS are nearly independent of [HCl] with an approximate average of 93±2%. The source of this deviation from unity is assumed to be from the O atoms, which can be from adsorbed H 2 O molecules 3, 39, 40 or oxygen-containing oligomers 3,10,13,41 (see Figure 2e) .
If the O atoms are mainly from the adsorbed H 2 O molecules, by subtracting twice the atomic ratios of the O atom from the atomic ratios of the H atom as listed in Table 1 , then, the corrected atomic ratios of the H atom in these dedoped samples are close to those expected.
For doped samples in case (A), the values of the subtotal weight percentage of CHNS are slightly smaller than those in dedoped samples, correspondingly. This phenomenon indicates a weak dopant effect. Furthermore, this subtotal changes significantly from 88% at [HCl]¼0.10 M (case (A)) to 75% at [HCl]¼0.20 M (case (B)), and approaches 71% in case (C). For samples in case (B), because polymerization is triggered, the para-coupled PANI chains with dopants are grown from phenazine-like structures (as confirmed by the FTIR signals). 13, 14 Thus, for cases (B) and (C) with PANI chains, these low subtotals indicate a strong adsorption of HCl or H 2 SO 4 . As no information is available about the relative ratio of Cl:O, the atomic ratios of Cl and O cannot be estimated. Figure 10 shows the SEM images of doped samples obtained from various cases. For case (A), a petal-like structure intersected by many nanosheets of thickness B30 nm is formed by the stacking of planar phenazine-like oligomers. 10, 18 For case (C), the whole surface is composed of many tiny coral reefs closely covered with nanogranules, and in between these coral reefs some nanofibers of diameter o10 nm can be distinguished (see the inset in Figure 10 ). These nanogranules/ nanofiber are formed by the self-assembled PANI. 18, 21 For case (B) with a mixture of phenazine-like oligomers and PANI, a composite feature is observed. The morphologies of the dedoped samples are similar to those of the doped samples and are not shown here. This similarity may be due to the fact that the doped samples obtained here were under vacuum drying at 50 1C for 8 h, and thus, a relatively rigid stacking frame was formed. Figure 11 shows the XRD patterns of samples obtained from various cases. From the data of the a-phenazine structure (monoclinic, a¼7.1 Å , b¼5.1 Å , c¼12.8 Å , b¼102.31), 38 we calculated and assigned the distinguishable peaks to their corresponding planes as indicated in Figure 11a . Thus, samples obtained from case (A) are confirmed to be composed of phenazine segments with order stacking. After dedoping, some facets of the a-phenazine structure with high surface energy may disappear and only a few facets persistently remain as depicted in Figure 11b .
SEM results

XRD results
As shown in Figure 11a , for case (C), the ES PANI samples have weak crystallinity with a pseudo-orthorhombic structure (a¼4.3 Å , b¼5.9 Å , c¼9.6 Å ), and the corresponding peaks are assigned. 42 This crystallinity is caused by the counter-ions (Cl À or HSO 4 À ) accompanying the protons near the N atoms (see Figure 1 for PANI with polarons and bipolarons), which provide the necessary electrostatic forces for inducing a higher degree of chain ordering. 42, 43 After the dedoping process to remove these absorbed dopants, the ordering between these chains is reduced and thus the EB PANI samples become amorphous as shown in Figure 11b .
For case (B), especially for the dedoped one, although the sample retains the composite feature of cases (A) and (C), the XRD result is close to that from case (A) because of the amorphous character of case (C) samples.
Formation mechanism-revised and electrical characterization As shown in Figure 5 , three cases based on their initial conditions can be categorized according to this proposed scheme, which is derived from a molecular point of view. For case (A) with [AN]c[HCl], the immediate redox reaction of neutral ANs with APS produces AN radicals. Under a neutral or weak acidic environment, the mixed ortho-para coupling of these AN radicals together with the oxidative intramolecular cyclization forms phenazine-like nucleus (see Figure 2b) , 13 and finally phenazine-like oligomers are obtained, as confirmed by FTIR, UV-Vis and TOF-MS data. In case (A), because of the consumption of APS, the reaction ceases with a terminal pH44.3. Through p-p stacking between these planar phenazine-like structures, 14 a surface morphology with nanosheets observed by SEM together with its crystallinity identified by XRD are then obtained. Owing to the lack of long conjugated length in these phenazine-like oligomers and the relatively high energy gap of the p-p* transition , the neutral ANs are almost protonated into anilinium cations at the beginning. 20 These anilinium cations are difficult to be oxidized directly because the electron pair on nitrogen is localized, 14 and hence an induction period is observed. Once these anilinium cations are deprotonated, the redox reaction of neutral AN with APS produces AN radicals. 44 Meanwhile, in a strong acidic environment, these AN radicals are favored to form a para-coupled oligomer. 4, 9, 11 As the configuration of this oligomer reaches its maximum conjugation and charge delocalization, a rapid polymerization is stimulated by addition of protonated anilinium cations. 13, 14 Thus, longer PANI chains are obtained and confirmed by FTIR, UV-Vis and GPC data. Through various interchain/intrachain interactions (such as H-bonding, p-p interaction, van der Waals bonding and entanglement), the PANI chains can then aggregate to form nanofibers and/or nanogranules as shown in SEM pictures. 13, 16, 21, 26, 28, 45 Owing to the long conjugated length and the polaron band induced by dopants, 15, [21] [22] [23] 34 the ES PANI samples obtained at [HCl]¼1.0 M possess a high s of (4 ± 2)Â10 À2 S cm À1 ; after dedoping, s of the EB PANI samples is dramatically reduced to (7 ± 1)Â10 À11 S cm À1 . The crystallinity caused by the dopants for ES PANI, in contrast to the amorphous character of EB PANI, is identified by XRD.
For case (B) with [AN] slightly larger than [HCl] , the concentration of neutral AN is smaller than that of anilinium cation at the beginning. 20 The oxidation of this small amount of neutral AN by APS and the formation into phenazine-like oligomers are carried out immediately, which is similar to case (A). As the neutral AN is consumed, some APS and anilinium cations are still left in this case. An additional induction period is required for further reactions of these residual APS and anilinium cations, which is similar to case (C). As the conjugated length is long enough, polymerization is triggered. 13, 14 Thus, both features of phenazine-like oligomers and PANI are presented and confirmed by FTIR, UV-Vis, TOF-MS and GPC data. For the doped sample in case (B), although containing some non-conducting phenazine-like oligomers, a high s of (3 ± 1)Â 10 À2 S cm À1 (slightly smaller than the one obtained at [HCl]¼1 M) indicates that the charge transport through the conducting ES PANI chains is above the percolation threshold. 46, 47 Again, by dedoping, a low s of (6 ± 3)Â10 À11 S cm À1 is obtained. 
